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Abstract. Dataassimilationby3DVARofdatafromtheSpe-
cial Sensor Microwave/Imager (SSM/I) has been performed
to study the IOP2b case (19–21 September 1999) of the
Mesoscale Alpine Programme (MAP). Only data over the
sea surface are used to avoid the contamination of the surface
emissivity. Moreover, the rainy data are ﬁltered out because
the assimilation algorithm of 3DVAR does not take into ac-
count the scattering processes. SSM/I data are assimilated
in two different ways: as Brightness Temperature directly, or
as Precipitable Water and surface wind speed retrieved from
the Brightness Temperature. The effect of the thinning of
the observations has been studied and a set of sensitivity test
cases has been carried out; the one by one removal of the
SSM/I frequencies from the initial dataset allows to evaluate
their impact on the Initial Conditions. A few experiments are
performed using these new Initial Conditions to initialize the
MM5 (PSU/NCAR) model. The results show that the assim-
ilation of the retrieved quantities, i.e. Precipitable Water and
surface wind speed, does not produces large improvement
in the Initial Conditions. Vice versa, the assimilation of the
Brightness temperatures produces a large variability of the
Initial Conditions. The forecast experiments show that the
model is very sensitive to the 22GHz and 37GHz frequen-
cies.
1 Introduction
Assimilation of satellite data over the sea is an easy way to
get a lot of information on the earth surface where observa-
tions are scarce. Moreover, whereas the standard observa-
tions have a random distribution and a low spatial density
over the land surface, the satellite data completely scan wide
areas beneath their orbit track. It provides a large amount of
datathatcanbeusedtoimprovetheinitializationofthemath-
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ematical models for the weather forecast. The Special Sensor
Microwave/Imager (SSM/I) (Hollinger et al., 1990) radiome-
ter can provide, by retrieval from the Brightness Temper-
ature recorded, information on the atmospheric moist vari-
ables, such as Precipitable Water (PW), Cloud Liquid Water
(CLW) and Rain Rate (RR). These variables quickly change
in space and time and they strongly inﬂuence the weather
forecast. Therefore, in the last few years, many efforts have
attemped to use these data for an accurate model initializa-
tion. The assimilation of the SSM/I data is mostly performed
using retrieved quantities (Tsuyuki, 1997; Hou et al., 2004;
Gerard and Saunders, 1999) and not the Brightness Temper-
ature directly. This is because the Radiative Transfer Equa-
tion (RTE) requires a good modelling of the atmosphere, but
if rain is present, the scattering processes are too complex to
be correctly reproduced. In this study, a simpliﬁed algorithm
without scattering processes is used, therefore rainy data will
be ﬁltered out. A comparison between the assimilation of the
retrieved quantities and the Brightness Temperature is per-
formed.
2 SSM/I data
The SSM/I passive microwave radiometer operates on the
DMSP satellites. It has four frequencies at 19.35, 22.235,
37.0, and 85.5GHz with dual polarization except the 22GHz
frequency, which works on vertical polarization only. It has
a conical scan and a swath of 1400km. On each scan it takes
128 uniformly spaced samples at the 85GHz frequency with
a spatial resolution of 12.5km. The others frequencies are
sampled with a double temporal and spatial resolution, i.e.
8.4ms and 25km. This spatial resolution is of the same or-
der of the model grid step in the 1st domain (outmost box in
Fig. 1), i.e. 27km. Note also that the area under consider-
ation, which corresponds roughly to 3×106 km2, is scanned
within few minutes during the satellite overpass. For more
details, see Hollinger et al. (1990).230 C. Faccani et al.: SSM/I Data Assimilation
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Fig. 1. Model domains. The light gray dots are the SSM/I pixels
selected by 3DVAR for Brightness Temperature or water vapor data
assimilation; the dark gray dots are the points where the surface
wind speed is available; the black points are the land and sea surface
stations used to validate the data assimilation results on the Initial
Conditions.
In Fig. 1 the light gray dots reproduce the SSM/I swath over
sea at 0600UTC 20 September 1999. SSM/I data are as-
similated into the model in two different ways: as Bright-
ness Temperatures or as retrieved quantities, as surface wind
speed (Goodberlet et al., 1989) and Precipitable Water (Ger-
ard and Eymard, 1998).
3 3DVAR
The 3-Dimensional Variational Data Assimilation (Courtier
et al., 1998; Gustafsson et al., 2001; Barker et al., 2004) has
been used to improve the Initial Conditions by SSM/I data.
3DVAR assimilates the data by minimizing the cost function
J deﬁned as
J =
1
2
(xb − x)TB−1(xb − x) +
1
2
(yo − H(xb))TR−1(yo − H(xb)) (1)
where xb is the generic variable of the ﬁrst guess, yo is the
observation, and H is the operator that converts the model
state variables to the observed variables at the observation
location. B and R are the error covariance matrices for the
ﬁrst guess and for the observations, respectively. The solu-
tion of the minimization produces improved Initial Condi-
tions, which are the best compromise between the ﬁrst guess
and the observations.
In this case, the ECMWF (European Center for Medium-
Range Weather Forecast) analysis has been used as ﬁrst
guess.
The package of subroutines used by 3DVAR to assimilate
the SSM/I Brightness Temperatures is based on the Petty al-
gorithms (Petty and Katsaros, 1992, 1994; Petty, 1994a,b,
1997). The RTE model solves the problem for a non scat-
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Fig. 2. 1hour observed accumulated precipitation (mm) from rain
gauges ending at 16:00UTC 20 September 1999.
tering atmosphere as viewed from satellite, taking into ac-
count both downwelling and upwelling radiance as well as
sea surface reﬂection with foam effects. It takes into account
the gaseous absorption of the atmosphere using a frequency-
dependent parameterization derived from the comparison of
the line-by-line Liebe (1985) model (theoretically valid up
1000GHz) with more than 15000 radiosondes. Cloud emis-
sion is also empirically parameterized in a non-linear way
to liquid water content cloud layer of known height derived
fromMM5ﬁeld. Becausethealgorithmsdoesnotincludethe
scattering processes the raining data are ﬁltered out. More-
over, because the land surface emissivity contaminates the
SSM/I measurements, only data over the sea surface are
assimilated. Because 3DVAR uses vertical and horizontal
physical balance during the minimization procedure, the cor-
rection will be found over land too.
The thinning (J¨ arvinen and Und´ en, 1997) procedure can
be applied to the data to reduce their number, and then, their
density. In this way, the error-correlation among the SSM/I
Brightness Temperatures is reduced, and then, the observa-
tion error covariance matrix R is diagonal (as it usually is),
reducing the 3DVAR minimization time. In this work, the ef-
fectofapplyingthethinningornottotheSSM/Idata(Bright-
ness Temperature or PW and surface wind speed) will be
tested. The thinning window used is of 1 grid points in each
direction.
4 The case
The selected case is the IOP2b of the MAP (Mesoscale
Alpine Programme, http://www.map.ethz.ch) 1999. At
06:00UTC 20 September 1999, corresponding to the pas-
sageoftheSSM/IsatelliteontheMediterraneanarea(Fig.1),
an upper level trough, coming from north-west, was moving
eastward, advecting warm and humid air from south. Mod-
erate rainfall was recorded on the north of Italy as showed in
Fig. 2.C. Faccani et al.: SSM/I Data Assimilation 231
Table 1. Initial Conditions (ﬁrst column) and related experiments
(last column).
OBS Ingested OBS
ICs TBs PW& wind thinning
Exp.
ICNTR – – – CNTR
IRETRa no 2809 no RETRa
IRETRt no 690 yes RETRt
ITBa 1920 no no TBa
ITBt 725 no yes TBt
ITBt19 725 no yes TBt19
ITBt22 725 no yes TBt22
ITBt37 725 no yes TBt37
ITBt85 725 no yes TBt85
5 Experiment design
A few experiments have been carried out to evaluate the im-
pact of the SSM/I data on both the Initial Conditions and the
related forecasts. The ECMWF analyses are used. These
data do not include the special observations produced during
the MAP. Moreover, no SSM/I data were assimilated into the
ECMWF analyses at that time, i.e. 1999. The PW together
with the surface wind speed or the Brightness Temperature
have been assimilated.
It will allow to assess the different role played by the dif-
ferent kind of SSM/I data (retrieved or not). The experiment
design is showed in Table 1; in the ﬁrst column there are the
acronymsusedforthestudyoftheInitialConditions. ICNTR
is the case without any data assimilation: it is the ECMWF
analysis interpolated to our model grid (Fig. 1). IRETR and
ITB refer to the assimilation of the retrieved quantities (PW
and wind surface speed) and the Brightness Temperature, re-
spectively. a and t point out the assimilation of all the OBS,
or if the thinning process has been applied by 3DVAR to the
ingested data. In Table 1 is also showed the number of ob-
servations read in for each case.
Four new sets of Initial Conditions are obtained removing
one by one the SSM/I frequencies from the ingested dataset.
They are the last 4 lines in Table 1 referred by the number
of the missing frequency. These special cases are performed
using the thinning of the observations that, as already pointed
out, it is the correct way to treat the SSM/I data.
The last column of Table 1 shows the forecast experiments
produced using the previously improved Initial Conditions.
The experiments start at 06:00UTC Septemper 1999 and
they end after 24h.
Table 2. Differences between surface stations and analysis for each
case at the observation location for Temperature (◦C), and horizon-
tal wind component U and V (m/s).
T (◦C) U (m/s) V (m/s)
OBS-Case M RMS M RMS M RMS
ICNTR −0.09 3.17 −0.10 3.10 −0.73 3.37
IRETRa 0.35 3.25 −0.04 3.06 −0.75 3.39
IRETRt 0.74 3.31 −0.05 3.06 −0.75 3.39
ITBa 0.78 3.41 0.10 3.63 −0.79 3.78
ITBt 0.22 3.21 −0.01 3.15 −0.73 3.44
ITBt19 0.21 3.20 −0.02 3.14 −0.74 3.43
ITBt22 0.10 3.17 −0.09 3.11 −0.77 3.39
ITBt37 −0.04 3.20 −0.05 3.15 −0.68 3.42
ITBt85 0.19 3.21 −0.01 3.15 −0.72 3.45
6 Model setup
The model used for this case is the non hydrostatic model
MM5, version 3 from PSU/NCAR (Grell et al., 1994; Dud-
hia, 1993). The selected domains are showed in Fig. 1. The
high resolution of the innermost domain is 3km. The ratio
of the spatial resolution between each domain and its mother
domain is 3 (i.e. the domain 1 has a resolution of 27km). 29
vertical σ terrain following levels are used and the Hong and
Pan (1996) and Troen and Mahrt (1986) parameterization is
used to describe the planetary boundary layer. The Kain and
Fritsch (1990) scheme is used to describe the cumulus con-
vection and the Reisner et al. (1998) parameterization for the
explicit moisture scheme.
The Initial Conditions are at 06:00UTC 20 September 1999
and the related model experiments end after 24h.
7 Initial Conditions
The quality of the Initial Conditions has been evaluated using
the statistical parameters
M =
N P
i
(OBSi − ICi)
N
(2)
and
RMS =
v u
u
u t
N P
i
(OBSi − ICi)2
N
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Fig. 3. 1hour accumulated precipitation (mm) ending at 16:00UTC 20 September 1999 for CNTR.
where OBS is the observation and IC is the analysis at the ith
station location. The surface stations used for this analysis
are the black dots in Fig. 1.
In Table 2 there are the M and RMS for the various Initial
Conditions for Temperature and horizontal wind component
U and V. The water vapour mixing ratio is not showed be-
cause it presents a mean error larger than 5.19g/kg and a
RMS of about 6.0g/kg for all the cases. Because ICNTR
has a M=−5.19, it means that the assimilation is not able to
recover the initial large overestimation, but it increases the
error. ICNTR shows a small overestimation of the Temper-
ature respect to the observations (−0.09). The assimilation
of the Precipitable Water and surface wind speed (IRETRa
and IRETRt) produces a large underestimation respect to IC-
NTR, especially if the observations are assimilated using the
thinning (M=0.74). Same for the assimilation of the Bright-
ness Temperature (ITBa and ITBt), even if the mean errors
are lower than the IRETR cases, except for ITBa, meaning
that the assimilation of all the Brightness Temperature with-
out thinning largely decreases the quality of the temperature
ﬁeld. The underestimation is partially recovered by the lack
of the 22 and 37GHz frequencies (ITBt22 and ITBt37) on
the assimilated dataset, showing the lowest M values of the
whole set: 0.10 for ITBt22 and −0.04 for ITBt37. It has to
remind that the RTE algorithm used by 3DVAR exludes the
scattering process, therefore the contribution of the 85GHz
channels is reduced. Vice versa for the 22 and 35GHz. It
means that their absence on the dataset used for the assim-
ilation, can slightly modify the results; in this case with an
improved result.
For the zonal wind, ICNTR shows the larger M value
(−0.10), whereas all the data assimilation cases have a lower
mean error. The higher value is the one of ITBa (0.10),
which also has the unique positive Mean error (underesti-
mation). Remarkable is the results of ITBt (M=−0.01) that
shows a zonal ﬁeld close to the real one. Because the surface
wind speed algorithm uses the 19V, 22V and both 37GHz
channels, the sensitivity test cases show that removing one
of them, the mean error increases, especially for the 22GHz
(M=−0.09) and 37GHz (M=−0.05) frequencies.
Comparable results are not found for the south-north
wind component (V); all cases overestimate the ﬁeld and
all of them, except ITBt37, have a mean error larger than
−0.72m/s. Also in this case, ITBa has the largest M value
(−0.79), conﬁrming that the assimilation of Brightness Tem-
perature without thinning decreases the quality of the ﬁnal
analysis. ITBt22 shows large mean errors for both the wind
components conﬁrming that it is an important channel on the
correct estimation of the wind ﬁeld. As for the water vapor
mixing ratio, the results on the V component conﬁrm that if it
exists a large error on the initial ﬁeld, the data assimilaztion
is not able to recover it, but it often increases it.
8 Forecast Experiments
In Fig. 3 there is the 1h accumulated precipitation for the
CNTR experiment. It shows a maximum of precipitation on
the Alps between Italy and Switzerland, and an area of high
precipitation along the 11E meridian with a maximum on the
southern part of more than 20mm (black area in Fig. 3). High
precipitation is also found close to the bottom boundary ofC. Faccani et al.: SSM/I Data Assimilation 233
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Fig. 4. 1hour accumulated precipitation ending at 16:00UTC 20 September 1999 for: (a) RETRt, (b) RETRa, (c) TBt, (d) TBa, (e) TBt19,
(f) TBt22, (g) TBt37, and (h) TBt85.234 C. Faccani et al.: SSM/I Data Assimilation
the domain. The comparison with the observations (Fig. 2)
shows a disagreement on the west side of the domain, on the
boundary between Italy and Switzerland. RETRt (Fig. 4a)
shows a better location of the maximum on the boundary be-
tween Italy and Switzerland than CNTR. The area of high
precipitation on the south of the domain is reduced, but still
incorrectlyreproduced. Moreover, thehighprecipitationarea
around 11E and north of 45N is enhanced. The assimila-
tion of all the retrieved data produces an improvement of
the area on the south of the domain for RETRa (Fig. 4b),
but it still overestimate the rainfall along 11E, even if the
maxima (black areas in Fig. 4a) disappear. The assimila-
tion of the Brightness Temperature reduces the maximum on
the south of the domain especially for the TBa experiment
(Fig. 4d), even if this maximum does not exist in the ob-
servation dataset. Moreover, this case displaces the reduced
maximum westward, on the upslope side of the Apennines,
as a result of an orographic precipitation.
The sensitivity experiments show for TBt19 (Fig. 4e) a
precipitation distribution similar to the TBt case (Fig. 4a).
TBt22 (Fig. 4f) correctly places the maximum of precipita-
tion close to the 45N of latitude. However it increases the
maximum of precipitation on the south of the domain. This
maximum is reduced if the 37GHz frequency is removed
from the dataset ingested by 3DVAR (Fig. 4g). The last
cases, TBt85 (Fig. 4h), is similar to TBt19 (Fig. 4e).
9 Conclusions
The aim of this paper was to evaluate the impact of the SSM/I
data on the precipitation forecast. Both Brightness Tempera-
ture or Precipitable Water and surface wind speed have been
assimilated by 3DVAR, with and without the thinning proce-
dure, to verify the effect of a different dataset density. More-
over, a set of special test cases to evaluate the impact of each
SSM/I frequency of the Initial Conditions have been done.
Good results are found for the temperature ﬁeld if the 22 or
37GHz channels are removed from the initial dataset. On
the other hand, a large improvement on the zonal wind ﬁeld
is found if all the frequencies are assimilated. The assimi-
lation of the retrieved quantities does not produce results as
good as for the Brightness Temperature.
The Initial Conditions produced by data assimilation of
Brightness Temperature or Precipitable Water and surface
wind speed have been used to initialize the MM5 model. The
results show that the assimilation of the retrieved quantities
places the precipitation too eastward respect to the observa-
tion, along a vertical axis parallel to 10E. Moreover, the thin-
nig (RETRt) produces a large overestimation of the maxima
of precipitaion. The assimilation of the Brightness Tempera-
ture reduces the area of precipitation in two localised areas,
in agreement with the observations, but the location is still
too east respecto to the observations, especially for ITBa.
Moreover, in this last case the precipitation is largely un-
derestimante on the south of the domain. The comparison
among the IRETR cases and the ITB cases shows that the
thinning of the observations produces good results if it is ap-
plied to the SSM/I Brightness Temperature instead of to the
retrieved quantities.
A remarkable result is the dependence of the forecast on
the 37GHz frequency. The quality of the model precipi-
tation decreases if it is removed from the dataset ingested
by 3DVAR: the precipitation on the south of the domain is
largely reduced and the area of high precipitation on the east
sid of the domain is increased in space and amount, not in
agreement with the observations. Vice versa for the 22GHz
frequency: it means that the 22V SSM/I channel, which is
sensible to the atmospheric water vapour, introduces an er-
ror in the initial conditions that propagates ad increases dur-
ing the model integrations. Therfore, its removal from the
ingested dataset, improves the forecast. It has to be noticed
that, although the 85GHz is located in a window region, then
itisalsosensitivetoatmospherichumiditybecauseofthewa-
ter vapor continuum term, it is affected by scattering. Thus,
because the RTE algorithm is coded for an atmosphere with-
out scattering, it has a small impact on the forecast.
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